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Abstract 
 
The nonspecific binding of undesirable proteins, cells and microorganisms on material surfaces is 
one of the major problems in the biomedical fields. The nonspecific binding of these biomolecules can 
initiate blood coagulation, bacterial infection, inflammatory response and accumulation of organisms 
onto implanted materials, medical devices and underwater constructions. To inhibit these phenomena, 
antifouling polymers that prevent the nonspecific binding have been used as a solution. Among the 
various antifouling polymers, polyglycerol (PG), a promising candidate to substitute the traditional 
poly(ethylene glycol) (PEG), has attracted much attention with its water solubility, biocompatibility 
and antifouling effect. In addition, the pendent hydroxyl group allows functionalization and various 
structural forms via a variety of synthetic pathways. However, the immobilization of polymers onto 
surface requires a robust anchoring mechanism, which can be applied to various substrates. The 
catechol group, a key element of adhesive property of mussel renders the surface-independent binding 
ability and a versatile method to modification of material surfaces. In this study, we designed a new 
acetonide-protected catechol functionalized glycerol monomer (CAG), which was polymerized by 
anionic ring opening polymerization. A series of catechol functionalized polymer (PCAG) with 
various molecular weights (6,000 – 20,000 g/mol) and catechol contents (0 – 33%) were synthesized 
in a controlled manner. The acetonide protection was easily removed by acidic treatment and free 
catechol group was revealed. The immobilization of PCAG on various surfaces would offer the 
versatile surface modification method. Beyond that, the relationship between antifouling effect and its 
size, composition and architecture will be covered. We anticipate that this novel catechol 
functionalized monomer will be used in various applications in biomedical fields.  
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I. INTRODUCTION 
The nonspecific binding of undesirable proteins, cells and microorganisms on material surfaces is 
one of the major problems in the biomedical field. The nonspecific binding of these biomolecules can 
initiate blood coagulation, bacterial infection, inflammatory response, accumulation of organisms onto 
implanted materials, medical devices and underwater construction. In addition, it also hinders the 
effectiveness of biosensors or drug-delivery vehicles which interact with the body. To solve this 
problem, antifouling polymers, which limit nonspecific binding of biomolecules, have been widely 
studied. A variety of antifouling polymers such as polyacrylates,
1
 oligosaccharides,
2
 zwitterionic 
polymer,
3
 poly(ethylene glycol) (PEG)
4-6
 and polyglycerol (PG)
7
 inhibit the nonspecific binding of 
biomolecules and enhance the efficiency and safety of biomedical materials. 
However, it requires a robust mechanism to functionalize the antifouling polymer onto various 
surfaces. The immobilization method using polymers onto surfaces has been studied, and most of the 
existing approaches suffer from chemical specificity due to low binding ability under wet surfaces. 
Among the various anchoring strategies, catechol, which is a key element of mussel adhesive proteins 
(MAPs) have considerable attention as fascinating materials with its strong adhesive function under 
harsh and wet conditions. Moreover, it also shows different types of chemical interactions with 
various surfaces, such as metal, organic, inorganic and polymer.
8-10
 
Thus, we designed the PG based catechol monomer that combined the adhesive function of 
catechol moieties and antifouling ability of PG. This monomer unit can be used to study the 
mechanism of antifouling and versatile surface modification properties relate to composition, 
molecular weight and structure. The acetonide protected catechol bearing glycerol monomer (CAG) 
can be polymerized through by anionic ring-opening polymerization to yield a series of protected 
catechol functionalized PG (PCAG) with controlled molecular weights (5000 - 2000 g/mol) and 
various catechol contents (0 - 33%). It can be used in drug delivery system with enhanced circulation 
time affected by PG as well as surface modification, which aims to enhance antifouling activity. 
 
1.1 Polyglycerol  
Biocompatible polymers with long circulation time, low toxicity and high water solubility are 
essential materials for the various applications such as drug delivery system, bioimaging, biosensors, 
lubricating coating, medicine and cosmetics. Among these biocompatible polymers, PEG is frequently 
used and well-studied with its flexible, hydrophilic, and water-soluble properties.
11
 It also shows low 
immunogenicity and antifouling properties which is suitable for biomedical applications.
12
 As it was 
proven by the US-American Food and Drug Administration, the PEG structure can be coupled with 
other molecules, such as pharmaceutical compounds, which is called “PEGylation”. The PEGylated 
macromolecules shows “stealth” effects, which enhance circulation time in the body and efficiency of 
- 2 - 
 
biological materials.
13
 
However, PEG has only two hydroxyl end groups, which limit the conjugation of drug, targeting 
reagents and imaging agents. In addition, the synthesis of PEG is difficult to access due to its gaseous 
and highly toxic monomer ethylene oxide (EO). To overcome this problem, PG that has a similar 
structure to PEG with multiple hydroxyl-functional groups can be an alternative to conventional PEG. 
It gives multiple reaction sites for functionalization and conjugation with other molecules. The 
functionalized glycerol monomer could be synthesized in different architecture, from linear to 
hyperbranched to various compositions as illustrated in Figure 1. Since the size, shape and 
composition of macromolecules can influence the in vivo characteristics such as circulation time,
14
 the 
optimization of the polymer structure becomes useful for designing polymer systems. Moreover, 
commonly used glycidyl ether for polymerization of PG is liquid, which offers the facile synthesis. 
It also shows excellent biocompatibility and water solubility from its multiple hydroxyl groups.
15-16
 
There are no significant effects on coagulation, cell viability and complement activation after 
treatment of PG. PG also shows equally as good or better chemical and oxidative stability than PEG. 
Thus, many efforts have been devoted to the synthesis and applications of PG as alternative of PEG. 
 
1.2 Synthesis of polyglycerol 
Glycidol, the monomer of PG, has both epoxy and hydroxyl groups which allows for post-
modification and functionality after polymerization. The first polymerization of glycidol was 
performed by Sandler et al.
17
 The resulting polymer was low molecular weight of linear PG, as 
expected. However, the generated secondary oxyanion rearranges to a primary oxyanion by proton 
transfer during the polymerization. It causes a 1,4-polymerization rather than the 1,3-polymerization 
in the polymerization of high molecular weight PG, which gives branched PG.
18
 
 
1.2.1 Synthesis of linear polyglycerol 
To synthesize linear PG (linPG), the pendant hydroxyl group should be protected prior the 
polymerization to prevent proton transfer during the polymerization. The common protected 
monomers contains trimethylsilyl glycidyl ether (TMSGE), tert-butyl glycidyl ether (tBGE), 
ethoxyethyl glycidyl ether (EEGE), allyl glycidyl ether (AGE) and isopropylidene glyceryl glycidyl 
ether (IGG) (Figure 2a).
19-23
 The deprotection of hydroxyl group of these monomers was easily 
achieved by acid treatments such as trifluoroacetic acid and aqueous hydrochloric acid.
24
 The 
resulting polymer has pendant hydroxyl groups that give high hydroxyl functionality, water solubility, 
and antifouling ability, which are considered attractive biomedical properties.  
The first attempts to obtain linPG used TMSGE or tBGE.
18
 Since trimethylsilyl protecting group is 
unstable, the polymerization under basic catalyst results low molecular weight oligomer. In  
- 3 - 
 
Figure 1. (a) Chemical structure of PEG, linear PG and hyperbranched PG. (b) Overview of a variety 
of architecture based on linear PG building blocks.
25
 Reprinted with permission from 
Biomacromolecules, 2014, 15 (6), 1935-54. Copyright 2014 American Chemical Society. 
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Figure 2. (a) Protected glycerol monomers for the synthesis of linear PG. (b) Selective removal of 
orthogonal protecting groups in P(EEGE-co-AGE), P(EEGE-co-tBGE) and P(tBGE-co-AGE). 
24-25
 
Reprinted with permission from Biomacromolecules, 2014, 15 (6), 1935-54. Copyright 2014 
American Chemical Society. 
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case of coordination polymerization, the high molecular weight polyglycerol is achieved while the 
molecular weight was uncontrollable. In case of AGE, linPG is synthesized by deprotection of allyl 
group after polymerization. Dworak et al. synthesized star block copolymers using EO and AGE.
21
 
EEGE is most generally used protected monomer with the efficiency and easy deprotection step 
despite the fact that tBGE and AGE are commercially available. EEGE is polymerized using both 
coordinated polymerization and anionic ring-opening polymerization. However, coordinate 
polymerization shows high molecular distribution while anionic ring-opening polymerization limits 
the molecular weight up to 30,000 g/mol, because of chain transfer to monomers. In 2010, Gervais at 
al. solved this problem using the binary initiating system containing tetraoctylammonium bromide 
(NOct4Br) and triisobutylaluminium (i-Bu3Al). This system allowed the homopolymerization of 
PEEGE up to 85,000 g/mol at 0
 o
C in a few hours.
26
 The fast polymerization suppressed the transfer 
reactions to monomer under polymerization and controlled molar masses and quantitative acidic 
deprotection was achieved in this study. 
Erberich et al. showed selective removal of these protecting groups with homo and random 
copolymerization using AGE, tBGE and EEGE.
24
 The scheme of removal of orthogonal protecting 
group is given in Figure 2b. Each polymer was prepared with various molecular weight, size and 
narrow molecular weight distribution. For each protecting group, trifluoroacetic acid for poly(tBGE), 
a palladium catalyst for poly(AGE) and aqueous hydrochloric acid for EEGE were used. The selective 
removal of the random copolymer was successful as well as homopolymer, which resulted in partial 
functionalized linPG after respecting deprotection. 
Isopropylidene glyceryl glycidyl ether (IGG) gives poly(glyceryl glycerol) (PGG) that is linPG 
with additional pendent glycerol after deprotection of acetonide group.
27
 PGG was synthesized by the 
polymerization of IGG without toxic reagents while polymerization of AGE needed osmium tetroxide. 
The pendent glycerol gives the multifunctionality to the polymers, which can be used for further 
applications, such as macroinitiators for hyperbranched PG (hbPG), encapsulation and storage 
systems. 
Although linPG has similar structure and properties to hbPG, the studies of linPG applied for 
biological applications are fewer than PEG or hbPG. However, the low intrinsic viscosity of linPG 
can be useful in intravenous applications.
16
 Thus, linPG is a promising candidate for biological 
applications, such as bioinert coatings and drug delivery system a bioconjugation with enormous 
versatility.  
 
1.2.2 Synthesis of hyperbranched and complex polyglycerol architectures 
With glycidol, which is latent AB2 monomer, hbPG can be polymerized by anionic ring-opening 
polymerization. During the polymerization, nucleophilic initiators open the three membered ring of  
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Figure 3. Mechanism of the anionic ring opening polymerization and structure of hbPG.
11
 Adapted 
with permission from Accounts Chem. Res. 2010, 43 (1), 129-141. Copyright 2010 American 
Chemical Society. 
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epoxide. The rapid exchange of the propagating oxyanion results the formation of a primary alkoxide 
as active sites, resulting in chain branching and chain transfer forms of hbPG with broad molecular 
weight distribution (Figure 3). To control the molecular weight of hbPG, slow monomer addition 
approach (SMA) was generally used. As slow addition of a monomer during the polymerization 
controlled the concentration of active sites was controlled and SMA promotes the low polydispersity 
and controllability of number average molecular weight (Mn) by control of the [monomer]/[initiator] 
ratio. Sunder et al. synthesized hbPG in a controlled manner via ring-opening polymerization.
28
 Using 
1,1,1-tris(hydroxymethyl)propane (TMP) as trihydroxyfunctional initiator, SMA results in 
controllable molecular weights, low polydispersity (<1.5) and suppressed cyclization. 
 With development of well controllable hbPG synthesis, a variety of complex structures using core-
initiator and latent AB2 epoxide monomers have been synthesized. Istratov et al. synthesized linear-
hyperbranched block copolymer surfactant using poly(propylene oxide) (PPO) as macroinitiator and 
hbPG block.
29
 The critical micelle concentration (CMC) value could be adjusted by varying the size 
of each block range from 10
-6
 to 10
-3
 M. Our group also synthesized PEEGE-b-(hbPG-co-PEEGE) 
block copolymer using the sequential addition or mixture of EEGE and glycidol.
20
 The amphiphilic 
block copolymer forms micelle and the pyrene-containing micelle degraded under UV exposure. 
 The random or block copolymerization of glycidol/AGE or phenyl glycidyl ether (PGE) was 
synthesized by Sunder et al.
30
 The composition and molecular weight of these polymers was well 
controlled by the [monomer]/[initiator] ratio and SMA. The thermal behavior of the polymer showed 
difference according to its structure and composition, the calculated degree of branching in random 
AB2/AB copolymer and experimental value showed good agreement.  
 
1.3 Functionalized polyglycerol 
The multiple hydroxyl group of PG gives reaction sites for functionalization and modification. The 
functionalized PG can be prepared by initiation of functionalized molecules, functional epoxide 
monomer and post-polymerization modifications. The functionalized PG renders conjugation with 
other molecules, a “PGylation” used for diverse applications (Figure 4). 
The polymerization using functionalized initiator is an elegant pathway to synthesize core-
functionalized polymers. However, it requires the hydroxyl group containing initiator which tolerates 
the harsh and basic conditions under ring-opening polymerization. For this purpose, a large number of 
initiators containing –OH, -NH2, -COOH, -CHO or –SH moieties have been introduced to synthesize 
heterofunctional PG. Among these various functional moieties, amino groups attract much interest 
because it is useful for conjugation chemistry and attachment of biomolecules. Besides amino groups, 
thiols show high affinity towards gold surfaces and it used to immobilize polymers onto substrate. For 
example, protected amine-containing initiator and thio-containing initiator for anionic ring-opening  
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Figure 4. (a) Synthesis of amine and thiol functionalized PG and surface immobilization.
31
 (b) 
Synthetic pathways for the preparation of disulfide homopolymer and glycerol random copolymer.
32
 
Adapted with permission from Macromolecules 2015, 48 (3), 600-609. Copyright 2015 American 
Chemical Society. 
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polymerization was studied by Weinhart et al.
31
 Each functional group was protected by benzyl groups 
to maintain stability under polymerization. The removing of protecting group reveals the free amino- 
or thio- groups at the end of PG. Recently, our group introduced a photochromic molecule spiropyran 
to initiate hbPG.
33
 Since hydrophobic spiropyran is converted to hydrophilic merocyannine under UV 
light, the polarity change of spiropyran gives light-responsive properties to PG micelle. 
The epoxide monomers bearing double bonds, triple bonds, hydroxyl groups or vicinal diols amines 
introduce functionalities to PG. Typically, epichlorohydrin and glycidol have been used as building 
blocks for synthesis of functional epoxide monomer. Nucleophilic attack of functional hydroxyl group 
or amines on the epoxide ring of epichlorohydrin causes functionalized monomer in several steps. 
Copolymerization of functional epoxide monomer and glycidol can be successfully synthesized under 
ring-opening polymerization. With interest toward degradable polymer in the living organism, the 
epoxide monomer using degradable crosslinker has been developed. Shenoi et al. synthesized a series 
of functional epoxide monomers with structurally different ketal linkages.
34
 Using anionic ring-
opening polymerization, α-epoxy-ω-hydroxyl functionalized monomer was copolymerized with 
glycidol. The degradation of obtained polymer was affected by the temperature, pH and the structure 
of the ketal linkages. Especially, the degradation by acidic environment could be fine-tuned by 
varying the ketal structure of the monomer. In contrast, our group introduced the disulfide linkage to 
glycerol monomer.
32
 Disulfide glycerol monomer (SSG) was homopolymerized or copolymerized 
with glycidol under anionic ring-opening polymerization. Since disulfide bond degraded into their 
corresponding thiols under the redox environment, the resulting polymer showed redox-responsive 
degradation ability. 
As another approach, post-polymerization modifications using pendant hydroxyl groups of PG have 
been studied. The hydroxyl group can be converted into various functional groups such as ethers, 
urethanes, carbonates and ethers. The simple functionalization using methylation of hydroxyl group 
by methylation was performed by Hofmann et al.
35
 Cholesterol initiated PG was synthesized followed 
by methylation of hydroxyl group. Interestingly, polarity of the PG was adjusted by methylation 
achieved by methyl iodide in benzene/sodium hydroxide solution. Modification of hydroxyl groups 
also prepared by esterification with aliphatic acryl chlorides. The synthesis of aliphatic polyether 
resulted amphiphilic PG. They compared the encapsulation of linear, hyperbranched amphiphilic PG 
although these polymers showed scant encapsulation efficiency.
36
  
 
1.4 Biological applications of polyglycerol 
The biocompatible polymer PEG is already proven by the US-American Food and Drug 
Administration (FDA) and has been used in industry and biological fields. In comparison to PEG, PG 
in biological applications is still infancy although it is promising candidates for PEG. With similar  
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Figure 5. (a) Coagulation study using the prothrombin time of saline (control), linear PG, 
hyperbranched PG and hetastarch. (b) Cytotoxicity of hyperbranched PG, linear PG, PEG and 
hetastarch against L-929 cells.
16
 Adapted with permission from Biomacromolecules 2006, 7 (3), 703-
709. Copyright 2015 American Chemical Society 
 
a 
b 
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structure, the biocompatibility comparison of PG and PEG studied by Kainthan et al.
16
 In the 
coagulation study using prothrombin and thromboplastin, there was no significant difference of PG 
compared to control and hetastarch. The cytotoxicity of both hbPG and linPG was also similar or 
lower than PEG in mammalian cell (Figure 5). With its pioneering work, the fundamental studies 
about high molecular weight hbPG as biomedical materials were expanded to in vitro and in vivo 
evaluation.
37-38
 The high molecular weight of hbPG forms compact structure, which behave like 
proteins than linPG. It showed good biocompatibility in hemocompatibility test, red blood cell 
aggregation, complement activation and cytotoxicity. It also exhibited long circulation time than 
lower molecular weight PG. 
Functionalized PG can be used substituent of biomaterials based on its biocompatibility and 
hydrophilicity. Kainthan et al. synthesized hbPG and hydrophobic C18 alkyl chain copolymer.
39
 The 
hydrophilic to hydrophobic ratio affected the adhesive function and association constant for a variety 
of hydrophobic substrates. This hyperbranched polymer exhibited low intrinsic viscosities, high water 
solubility, low toxicity and long plasma half-lives. These properties can substitute not only the volume 
expansion and osmotic properties of human serum albumin, but its binding and transport properties. 
Using biocompatible polymers as coating materials for inorganic nanoparticles such as iron oxide, 
manganese oxide have been studied (Figure 6). Thomas et al. synthesized linPG and hbPG from 
catechol initiator and coated manganese oxide (MnO) nanoparticle.
40
 The catechol end group 
immobilized the PG onto nanoparticle surface and dispersed in brine. These kinds of biocompatible 
polymer can enhance the biocompatibility and hydrophilicity of nanoparticle. 
The antifouling effect which prevents nonspecific binding was used to surface of biomedical 
materials. Although the general properties which cause antifouling effect are still under investigation, 
many polymers with antifouling effects are electrical neutral, hydrophilic and possess hydrogen bond 
acceptor. PG also has these traits and shows antifouling effect. Wyszogrodzka et al. designed PG 
dendrons modified with alkanethiols for immobilization of polymer onto surface.
23
 The gold surface 
was modified by the chemisorption of disulfide linker. The protein absorption of resulting self-
assembled monolayers (SAMs) coated surface was significantly decreased by PG dendrons. They also 
studied about structure-activity relationship of antifouling effect.
41
 The PG SAMs showed similar 
protein resistance as PEGylated surface that proves the potential of PG as alternative to PEG. Frey 
and coworkers also synthesized PG using amino- and thio- end functionalized initiator.
31
 Amine 
functionalized PG anchored onto gold substrate by a two-step anhydride coupling. For thiol 
functionalized PG, the direct immobilization with SAM was occurred. The PG coated surface showed 
similar high protein resistance as PEG as biocompatible surfaces. Moreover, the efficiency of 
nondiluted human serum protein resistance of PG was showed better result than PEG. 
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Figure 6. (a) Manganese oxide nanoparticle coating with linear PG and hyperbranched PG.
40
 (b) Self-
assembled monolayers using PG Dendron on gold surface.
23
 Adapted with permission from 
Macromolecules 2014, 47 (14), 4557-4566. Copyright 2014 American Chemical Society 
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1.5 Mussel-inspired polymer 
Surface modification of biointerface is crucial goal for biological applications, especially contacts 
to body. Since uncontrolled binding of biomolecules such as bacteria, cell and proteins cause 
inflammation, contamination and reducing efficiency of biomedical materials, the surface 
modification with antifouling polymer has been continued to develop cost-effective, versatile, simple 
method. Among the various surface modification methods, they can be classified into physisorptive or 
chemisorptive methods. The physisorptive method uses hydrophobic and van der Waals forces to 
immobilize the polymer to the surface. However, this reaction is reversible due to its weak interaction 
with surface. Holmberg et al. researched the antifouling effect of PEG-poly(ethylene imine) (PEI) 
block copolymer. However, the polymer on the surface was exchanged with fibrinogen due to its 
strong affinity for hydrophobic surfaces.
42
 In case of chemosorptive method, it anchors the polymer to 
the substrate with chemical bonds such as alkane carboxylic acids on alumina and alkanethiols on 
gold surface
43
 or silane-metal oxide interactions
44
. It also has limitations from the substrate chemical 
specificity and susceptibility to thermal or hydrolytic degradation. Simple and versatile surface 
modification method which is useful for various substrates is required anchor the polymer to surface. 
As the result, scientists find the new strategy from the mussel adhesive proteins (MAPs). The mimics 
of MAPs have been studied and incorporated to polymers for surface modification.  
 
1.5.1 Mussel adhesive proteins 
Mussel is an underwater creature which attaches to various surfaces such as stone, mosses and 
myelin sheath. It attaches to surface using byssal threads, an acellular tissue secreted and rapidly 
hardens under the sea
45
. Because most synthetic adhesive molecules lose their properties under 
aqueous condition, moisture-resistant adhesive properties of mussel have drawn interest. Moreover, 
mussels can binds to wide range of surfaces including organic, inorganic, metal, glass and polymer. To 
mimic this fascinating organism, the adhesive properties of mussel adhesive proteins (MAPs) are 
deeply studied. The best characterized mussel is Mytilus edulis (M. edulis) which contains five main 
MAPs; M. edulis foot protein 1 (Mefp-1) to M. edulis foot protein 5 (Mefp-5). The most of them are 
composed of trans-2,3-cis-3,4-dihydroxyproline (DHP), threonine, serine, tyrosine and 3,4-
dihydroxyphenylalanine (DOPA). DOPA is a unique amino acid obtained by posttranslational 
modification of tyrosine and rarely found in other proteins. Especially, Mefp-3 and Mefp-5 near the 
interface of the byssal threads and surface contains high contents of DOPA (21 mol% ad 27 mol%, 
respectively) (Figure 7). As the adhesive mechanism of MAPs was analyzed by Lin et al. and Lee at 
al., the key element of adhesive properties revealed that catechol end group.
46-47
 
Catechol is an essential adhesive functional group of DOPA which renders the surface-independent 
binding ability and a versatile method to modification of material surfaces. Although specific 
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Figure 7. Composition and amino acid sequence of mussel adhesive protein.
47 
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adhesion mechanism of catechol still not completely understood, there are several proposals in 
literature. Yu et al. revealed that the unoxidized catechol is responsible for binding to inorganic metal 
oxide surface, while oxidized DOPA-quinone is responsible for cross-linking.
48
 They also synthesized 
copolymers of DOPA and L-lysine and studied about oxidative crosslinking with diverse substrates 
including plastics, aluminum, glass and steel.
49
 
 
1.5.2 Catechol incorporated polymer 
Motivated by fascinating properties of MAPs, catechol moieties have opened the door for new 
functional platforms and studied for many years. Most of efforts have been spent to the synthesis of 
catechol incorporated polymer. To synthesize these macromolecules bearing catechol, catechol 
moieties can be incorporated into main, side and end-chain group of polymers by various synthetic 
pathways. Using these synthetic approaches, a variety of catechol incorporate polymer with different 
size, composition, architecture can be synthesized. 
Catechol in main chain is obtained by oxidative or enzymatic polymerization of catechol 
derivatives or self-polymerization of oxidized catechol formed cross-linked product. Catechol can be 
oxidized to reactive quinone using oxidant such as NaIO4 or an enzyme. However, catechol under 
neutral to alkaline pH also easily converted and self-polymerization can be occurred. The uncontrolled 
self-polymerization forms polydopamine film composed of cross-linked products. Self-polymerization 
of catecholamine in basic environment was first introduced by Messersmith and coworkers.
50
 Simple 
dip-coating of an object in a dopamine dissolved in pH 8.5 Tris buffer cause surface modification by 
polydopamine film. The film deposited on a variety of substrates such as metal, polymer and ceramic. 
Its adhesive properties leaded secondary surface mediated reactions.  
Catechol in side chain is prepared by the polymerization of monomers bearing catechol groups or 
conjugation of catechol onto functional polymer. The most of side chain synthetic method using 
radical polymerization of vinyl monomer, functionalized by unprotected or protected catechol group. 
Lee at al. synthesized N-methylacrylated DOPA monomers and copolymerized with poly(ethylene 
glycol) diacrylate (PEG-DA) using photopolymerization.
51
 Despite catechol is well-known 
photopolymerization inhibitor, DOPA-containing hydrogel is successfully obtained. The resulting 
hydrogels didn’t require any oxidizing reagent to gel and showed adhesive properties. As protected 
catechol bearing monomer, Zhang et al. obtained poly(N-acryloyl dopamine) using free radical 
polymerization of N-acryloyl-O,O’-diphenylmethyldopamine.52 The protecting group of catechol 
moieties was removed by the mixture of hydrobromic acid, acetic acid and trifluoroacetic acid at 
room temperature. 
And catechol in end chain is prepared by the polymerization of synthetic monomers using catechol 
initiator or grafting catechol units onto chain-ends. Fan et al. used a catecholic initiator for surface 
- 16 - 
 
initiated polymerization from metal substrates.
53
 The grafted PEG was patterned on the metal oxide 
surface and exhibit resistant to cell attachment. The pattered polymer film can be used in biomedical 
applications such as cell arrays.  
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II. EXPERIMENTS 
2.1 Chemicals 
3, 4-Dihydroxyhydrocinnamic acid (C-COOH), 2, 2-dimethoxypropane (DMP), anhydrous benzene, 
anhydrous methanol and potassium tert-butoxide were purchased from Alfa Aesar. p-toluenesulfonic 
acid monohydrate (p-TsOH), lithium aluminum hydride (LAH), 1, 1, 1-Tris(hydroxymethyl)propane 
(TMP), potassium methoxide in methanol (25 wt%), glycidol, tert-butanol and 2-methoxyethanol 
were obtained from Sigma-Aldrich. Diethyl ether was purchased from Daejung. CDCl3, (CD3)2SO 
and D2O were purchased from Cambridge Isotope Laboratory. All chemicals were analytical reagents 
grade and used without purification unless otherwise indicated.  
 
2.2 Characterization 
1
H NMR spectra were acquired using a VNMRS 400 spectrometer operating at 400 MHz using 
CDCl3, (CD3)2SO and D2O solvents. The number- and weight-averaged molecular weights and 
polydispersity index were measured using gel permeation chromatography (GPC, Agilent 
technologies) with a polystyrene (PS) standard and dimethylformamide (DMF) as an mobile phase at 
50
 o
C with a flow rate of 1.00 mL/min; standard polystyrene samples were used for calibration. 
UV/vis spectrophotometer (UV-2550, Shimadzu) was used to measure the existence of free catechol 
moieties of PG and P(CAG-co-G).  
  
2.3 Acetonide protection of 3,4-dihydroxyhydrocinnamic acid 
The acetonide protection of 3,4-dihydroxyhydrocinnamic acid was carried out by the literature 
procedure.
13
 3,4-dihydroxyhydrocinnamic acid (10g, 54.9 mmol, 1 equiv) and p-toluenesulfonic acid 
monohydrate (377 mg, 2.0 mmol, 0.04 equiv) were dissolved in 300 ml of anhydrous benzene. After 
equipped with a Soxhlet extractor filled with CaCl2 and reflux condenser, the mixture was stirred 
under an argon atmosphere. 2,2-dimethoxypropane (17.1 ml, 139.6 mmol, 2.5 equiv) was inserted by 
syringe and refluxed overnight. The solvent of resulting mixture was removed using a rotary 
evaporator to yield yellow liquid. The crude product was purified by silica gel column 
chromatography, with an ethyl acetate: hexane (1:4, v/v) eluent to obtain catechol-acetonide COOH 
(CA-COOH) as pale yellow solid. Yield: 64%. The product was dried in vacuum and characterized by 
1
H NMR measurement. 
1
H NMR (400 MHz, CDCl3): δ [ppm] 6.60 – 6.49 (m, 3H), 2.79 (t, 2H), 2.56 
(t, 2H), 1.58 (s, 6H). 
 
2.4 Synthesis of catechol-acetonide OH (CA-OH) 
The reduction of CA-COOH was carried out by the literature procedure.
13
 Diethyl ether was dried 
by sodium sulfate before use. Lithium aluminum hydride (2.39 g, 63.0 mmol, 2 equiv) in 40 ml of 
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diethyl ether was stirred under an argon atmosphere. After that, CA-COOH (7g, 31.5 mmol, 1equiv) 
resolved in 40 ml of diethyl ether was very slowly added dropwise using. The reaction was stirred at 
room temperature for 3 hours at room temperature. When the reaction is complete, unreacted lithium 
aluminum hydride was quenched carefully using methanol and water. Aluminum hydroxide was 
removed by filtration and resulting mixture was washed 3 times with water and remaining water was 
removed by sodium sulfate. The excess solvents were removed using a rotary evaporator to obtain 
yellow oily product. The crude product was purified using silica gel column chromatography with an 
ethyl acetate/hexane (1:4 v/v) eluent to obtain pure CA-OH as a yellow viscous liquid. Yield: 78.5% 
1
H NMR (400 MHz, CDCl3): δ [ppm] 6.59-6.48 (m, 3H), 3.59 (t, 2H), 2.53 (t, 2H), 1.80 (m, 2H), 1.58 
(s, 6H). 
 
2.5 Synthesis of acetonide protected catechol bearing glycerol monomer  
Potassium tert-butoxide (2.69g, 24.0 mmol, 1 equiv) dissolved in 40 mol of tert-butanol was stirred 
for 30 min at 30
 o
C under an argon atmosphere. After that, CA-OH (5g, 24.0 mmol, 1 equiv) was 
slowly added and stirred for 15 min. Excess epichlorohydrin (14.4 g, 156 mmol, and 6.5 equiv) was 
also added to the mixture and the solution was stirred overnight. The salt from this reaction was 
removed by filtration and solvent was removed using a rotary evaporator to obtain yellow oily product. 
Then, the resulting mixture was purified using silica gel column chromatography with an ethyl 
acetate/hexane (1:4 v/v) eluent to obtain pure CAG monomer as a yellow viscous liquid. 
1
H NMR 
(400 MHz, CDCl3): δ [ppm] 6.59 – 6.47 (m, 3H), 3.63 (dd, J = 11.5, 3.1 Hz, 1H), 3.42 (qt, J = 9.3, 6.4 
Hz, 2H), 3.31 (dd, J = 11.5, 5.8 Hz, 1H), 3.08 (td, J = 6.2, 3.3 Hz, 1H), 2.72 (t, J = 4.6 Hz, 1H), 2.57 – 
2.48 (m, 3H), 1.85 – 1.63 (m, J = 13.3, 6.5 Hz, 2H), 1.58 (s, 6H).13C NMR (150 MHz, CDl3) 150.05, 
148.15, 137.59, 128.38, 120.11, 111.28, 110.70, 74.20, 73.19, 53.55, 46.99, 34.73, 34.16, and 28.37. 
 
2.6 Homopolymerization of PCAG 
The homopolymerization of PCAG was obtained by anionic ring-opening polymerization. 
Exemplified for PCAG40 at 90 
o
C. 2-methoxyethanol (10.2 μl, 0.13 mmol, 1 equiv) and cesium 
hydroxide monohydrate (16.8 mg, 0.104 mmol, 0.8 equiv) in 2 ml of anhydrous benzene was stirred 
for 1 h at 25
 o
C under an argon atmosphere. Excess benzene was removed using a rotary evaporator 
and dried in a vacuum oven for 3 h at 90
 o
C. The initiator was obtained in a form of white salt. Then 
the flask was purged with argon and the CAG (1.374 g, 5.2 mmol, 40 equiv) was slowly added using 
syringe pump during 48 h. For purification, the polymerization was quenched using 1.0 ml of 
methanol and precipitated into excess cold diethyl ether and washed twice. The product was dried 
under vacuum oven at 90
 o
C overnight. The molecular weight and degree of polymerization was 
calculated by GPC result using the following equation: Number of repeating units (CAG) = [1213 (Mn 
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from GPC result) – 76.10 (molecular weight of 2-methoxyethanol)] / 264.32 (molecular weight of 
CAG) = 4.30 (degree of polymerization) 
 
2.7 Synthesis of P(CAG-co-G) 
A series of protected catechol incorporated PG was synthesized by anionic ring-opening 
polymerization, altering the mole ratio of CAG and G. Exemplified for P(CAG22-co-G58). 1,1,1-
Tris(hydroxymethyl)propane (TMP) (24 mg, 0.179 mmol) and potassium methoxide in methanol (25 
wt%, 20 μL, 0.0678 mmol) was diluted with 0.7 ml of methanol and stirred for 1 h at 25 oC under an 
argon atmosphere. Excess methanol was removed using a rotary evaporator and dried in a vacuum 
oven for 3 h at 90
 o
C. The initiator was obtained in a form of white salt. Then the flask was purged 
with argon and the mixture of CAG (1.006 g, 3.81 mmol, 28%) and G (0.725 g, 9.80 mmol, 72%) was 
slowly added using syringe pump during 12 h. After complete addition of monomer, the reaction was 
continued for an additional 24 h. The polymerization was quenched using 1.0 ml of methanol and 
precipitated into excess cold diethyl ether and washed twice. The product was dried under vacuum 
oven at 95
 o
C overnight. The molecular weight of this polymer was 9160 g/mol, calculated by 1H 
NMR spectrum using the following equation: Number of repeating units (CAG) = [12.96 (integration 
value) * 3 (number of TMP protons) / 2 (number of protons neighboring the catechol moiety of CAG) 
= 19.44, number of repeating units (G) = [134.83 (integration value) * 3 (number of protons of TMP )] 
– 19.44 (number of repeating units for CAG) * 7(number of protons of CAG except those that 
neighbor) – 6 (number of TMP  protons)] / 5 (number of protons of the G) = 52.48; Mn = 264.32 
(molecular weight of CAG) * 19.44 (number of CAG repeating units) + 74.08 (molecular weight of G) 
* 52.48 (number of G repeating units) + 134.18 (molecular weight of TMP) = 9160.2 g/mol 
 
2.8 Acetonide deprotection  
PCAG was stirred in 2.67 ml of HCl (32%) and 33.33 ml of methanol at 40
 o
C. The mixture was 
stirred under argon stream to remove acetone from the reaction. After 3 h, the excess solvent was 
removed using the rotary evaporator and remaining water also removed by sodium sulfate. The 
concentrated product was precipitated into cold diethyl ether and washed twice. Yields: quantitative. 
The resulting polymer was dried under vacuum at 25
 o
C, overnight and resuspended in methanol as 1 
mM stock solution. Deprotection of ketal group was confirmed by 
1
H NMR spectrum. 
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III. RESULTS AND DISCUSSION 
Polyglycerol (PG) can be classified as antifouling polymer according to inhibition of nonspecific 
protein absorption as well as excellent biocompatibility. Using its multifunctionality, the pedant 
hydroxyl group of glycerol can be functionalized to catechol moieties. Catechol, the key element of 
mussel adhesive function was incorporated as acetonide form to maintain stability under 
polymerization. The resulting polymer is expected to exhibit antifouling effect and binding ability 
which is potential surface modification method for biomedical applications (Scheme 1). 
 
3.1. Synthesis of protected catechol bearing glycerol monomers 
To synthesize catechol functionalized polyglycerol (PG), we first designed catechol bearing 
glycerol monomer that can be polymerized under anionic ring opening polymerization. The synthetic 
schemes for developing monomer and resulting 
1
H NMR spectrums were shown in Figure 8. 
Catechol moieties, which gives binding ability to the polymer readily oxidized to dopamine quinone 
under basic condition. Due to its chemical reactivity, it is necessary to properly protect the catechol 
group during the polymerization. There are various kinds of catechol protection chemistry using 
dichlorodiphenylmethane,
52, 54
 methyl ether
55
 and t-butyldimethylsilyl
3
 and acetonide,
56
 are used toxic 
and strong acid reagents such as such as HBr,
52, 54
 BBr3 and needs complex process. These reagents 
can cause the hydrolysis of polyether backbone and improper for the biological applications. Among 
the various protection chemistries, acetonide protection shows high stability under basic condition and 
easily removed by acid treatment.
56
 The acetonide protection of catechol group of 3,4-
dihydroxyhydrocinnamic acid (CA-COOH) was confirmed methyl proton (1.58 ppm) of 
1
H NMR 
spectrum. The ketal group of protected catechol remained under monomer synthesis and 
polymerization and further anionic ring opening polymerization. 
After the protection, the reaction site to synthesis glycerol monomer is needed. So carboxyl acid 
group is reduced to the free hydroxyl group using an excess of LAH. The resulting CA-OH deduced 
from new carbon chain peak (3.59 ppm) by 
1
H NMR spectrum. 
In the third step, epichlorohydrin was used as building blocks for monomer synthesis. Nucleophilic 
attack of hydroxyl group in CA-OH opens the epoxide ring of epichlorohydrin. The protected catechol 
moiety was introduced as pendant group of monomer. The synthesis of CAG was deduced by the peak 
of glycidyl ether in 
1
H NMR and 
13
C NMR spectrum. 
 
3.2. Synthesis of PCAG by anionic ring opening polymerization  
After successful synthesis of CAG, anionic ring opening polymerization was carried out using 
methoxyethanol and cesium hydroxide. Partial deprotonation of methoxyethanol using cesium 
hydroxide monohydrate was followed by polymerization at 90
 o
C. During the polymerization, the  
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Scheme 1. Schematic illustration of catechol functionalized PG and surface modification. 
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Figure 8. Synthesis of acetonide protected catechol monomer and 
1
H NMR spectra. 
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epoxide ring is converted to polyether backbone and deduced by 
1
H NMR spectrum. However, the 
CAG monomer was remained after 48 h. To improve the reactivity, the reaction temperature was 
controlled to 120
 o
C, 150 
o
C and 180
 o
C. The increase of temperature results the enhanced degree of 
polymerization (DP) while polydispersity index (PDI) was reduced. Moreover, ketal group of 
acetonide protection was degraded at high temperature (data are not shown).  
We found that the reason of low conversion from the mono-substituted epoxide monomer. 
Conventional anionic ring opening polymerization of functionalized glycerol monomer cause chain 
transfer reaction, resulting in less control of polymerization (Figure 9).
57
 In addition, the reactivity of 
glycerol derivative monomer depends on the electronic and steric factors according to the substituent. 
In polymerization of glycerol, there is primary alkoxide by rapid oxyanion exchange, while catechol 
functionalized polyglycerol possess secondary alkoxide which exhibits lower reactivity. The bulky 
side catechol group also inhibits the polymerization by steric hindrance. To solve this problem, we 
adopted glycidol as spacer between CAG. The copolymerization of glycerol already used with ketal 
monomer and improved the monomer conversions by Shenoi, et al.
34
 
 
3.3. Synthesis of P(CAG-co-G) random copolymer   
For the random copolymerization of CAG and G, the mixture of CAG and G was added using SMA 
to the TMP / potassium methoxide initiator at 95
 o
C. The content of CAG and molecular weight was 
controlled by molar ratio of CAG in monomer mixture and [monomer]/[initiator] ratio, respectively. 
The catechol contents were varied from 0% to 50% with molecular weight 10,000 g/mol and 
molecular weight was ranged from 5,000 to 20,000 g/mol with CAG ration 28% (the DOPA contents 
of Mefp-5). As the result, copolymer of CAG and G [P(CAG-co-G)] was successfully prepared with 
targeted values when measure by 
1
H NMR spectroscopy and GPC (Table 1). Interestingly, the CAG 
content of polymer 8 is lower than expected (34.2%). This result suggests that the introduction of G 
reduce the steric hindrance between CAG monomer. Except polymer 8, the feed composition of CAG 
and [monomer]/[initiator] ratio was reflected in resulting polymer with good agreement. 
With hydrophobic ketal group, the high content of CAG higher than 20% wasn’t soluble in water. 
As shown in Figure 10, the 
1
H NMR spectra of P(CAG-co-G) clearly showed the characteristic peaks 
of protected catechol moieties (peaks d – k), not shown in PG. It is noteworthy that acetonide 
protection was stable and exhibits corresponding integration after anionic ring opening polymerization 
(peaks h and i at 1.58 ppm). As set the integrals of initiator (methyl proton of TMP, 0.8 ppm) to 
standard, we calculated the composition and molecular weight of resulting polymer using 
1
H NMR 
spectra. 
The GPC results exhibits the molecular weight and PDI values (Table 1). However, there is a 
difference between the molecular weight determined by 
1
H NMR spectra and GPC. Since the globular  
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Figure 9. (a) Initiation mechanisms of glycidol during anionic ring-opening polymerization. (b) Usual 
chain transfer to monomer of mono-substituted epoxide monomer during anionic ring-opening 
polymerization.
57
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Table 1. Characterization of P(CAG-co-G)  
 
 
a
Mn and contents of CAG were determined via 
1
H NMR spectroscopy, 
b 
PDI (Mw/Mn) was measured 
using GPC-RI with polystyrene standard.  
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Figure 10. 
1
H NMR spectra of (a) PG118 in D2O and (b) P(CAG19-co-G53) in CDCl3. 
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Figure 11. (a) 
1
H NMR spectrum (400 MHz) of PCAG (bottom) and PCG (top). (B) UV spectrum of 
PCAG in pH 8.5 MOPS buffer. 
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hyperbranched structures exhibits different aspect with linear polymer, PS standards produce 
deviation.   
 
3.4 Acetonide deprotection 
Acetonide protecting group can be removed by the treatment of hydrochloric acid, to reveal the 
free-catechol functional groups. The successful acetonide-deprotection of polymer can be deduced by 
the disappearance of the methyl protons (1.58 ppm) of acetonide protection (Figure 11a). The 
deprotection was also confirmed by water solubility of polymer, while P(CAG-co-G) with high 
content of CAG wasn’t solubilized in water due to the hydrophobic ketal group (data are not shown). 
Additionally, the existence of free catechol group was deduced by UV/Vis spectroscopy. The 
oxidation and crosslinking of free catechol group under basic condition changes the peak of UV/Vis 
spectra. As shown in Figure 11b, the catechol functionalized polymer shows peak at 270 nm, while 
PGs has no peak. After a weak base buffer near pH 8.5 was added to the polymer, the peak at 270 nm 
was significantly increased and broadened which indicates phenol-coupled crosslink with each other.
58
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IV. CONCLUSION 
In conclusion, we designed a new protected catechol functionalized glycerol monomer (CAG) and 
polymerized by anionic ring opening polymerization. Polyglycerol, which exhibits excellent 
biocompatibility and antifouling effect were given adhesive properties by incorporating catechol 
moieties. Although the homopolymerization of CAG shows low conversion due to steric hindrance 
and electric factor, we enhanced the conversion using glycerol as spacer. We copolymerized CAG and 
glycerol with various molecular weights from 5,000 to 20,000 g/mol, CAG contents from 0% to 33%. 
After polymerization, the free catechol moieties revealed by simple acidic treatment using 
hydrochloric acid. In the future, we will concentrate on the research of the surface coating with 
P(CAG-co-G) onto various substrate including metal, organic, polymer and nanoparticle. Beyond that, 
the adhesive properties and antifouling effect under various architecture and contents of CAG will be 
optimized. We anticipate that this surface modification method will offer the antifouling ability, 
which enhance the efficiency of biomedical materials.  
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35. Hofmann, A. M.; Wipf, R.; Stühn, B.; Frey, H., Mesogen-Initiated Linear Polyglycerol 
Isomers: The Ordering Effect of a Single Cholesterol Unit on “Sticky” Isotropic Chains. 
Macromolecules 2011, 44 (17), 6767-6775. 
36. Stiriba, S. E.; Kautz, H.; Frey, H., Hyperbranched molecular nanocapsules: Comparison of 
the hyperbranched architecture with the perfect linear analogue. Journal of the American Chemical 
Society 2002, 124 (33), 9698-9699. 
37. Kainthan, R. K.; Hester, S. R.; Levin, E.; Devine, D. V.; Brooks, D. E., In vitro biological 
evaluation of high molecular weight hyperbranched polyglycerols. Biomaterials 2007, 28 (31), 4581-
90. 
38. Kainthan, R. K.; Brooks, D. E., In vivo biological evaluation of high molecular weight 
hyperbranched polyglycerols. Biomaterials 2007, 28 (32), 4779-87. 
39. Kainthan, R. K.; Janzen, J.; Kizhakkedathu, J. N.; Devine, D. V.; Brooks, D. E., 
Hydrophobically derivatized hyperbranched polyglycerol as a human serum albumin substitute. 
- 33 - 
 
Biomaterials 2008, 29 (11), 1693-704. 
40. Thomas, A.; Bauer, H.; Schilmann, A.-M.; Fischer, K.; Tremel, W.; Frey, H., The “Needle in 
the Haystack” Makes the Difference: Linear and Hyperbranched Polyglycerols with a Single Catechol 
Moiety for Metal Oxide Nanoparticle Coating. Macromolecules 2014, 47 (14), 4557-4566. 
41. Wyszogrodzka, M.; Haag, R., Study of single protein adsorption onto monoamino 
oligoglycerol derivatives: a structure-activity relationship. Langmuir : the ACS journal of surfaces 
and colloids 2009, 25 (10), 5703-12. 
42. Holmberg, K.; Tiberg, F.; Malmsten, M.; Brink, C., Grafting with hydrophilic polymer 
chains to prepare protein-resistant surfaces. Colloid Surface A 1997, 123, 297-306. 
43. Laibinis, P. E.; Hickman, J. J.; Wrighton, M. S.; Whitesides, G. M., Orthogonal Self-
Assembled Monolayers - Alkanethiols on Gold and Alkane Carboxylic-Acids on Alumina. Science 
1989, 245 (4920), 845-847. 
44. Zhang, Y.; Kohler, N.; Zhang, M. Q., Surface modification of superparamagnetic magnetite 
nanoparticles and their intracellular uptake. Biomaterials 2002, 23 (7), 1553-1561. 
45. Coyne, K. J.; Qin, X. X.; Waite, J. H., Extensible collagen in mussel byssus: A natural block 
copolymer. Science 1997, 277 (5333), 1830-1832. 
46. Lin, Q.; Gourdon, D.; Sun, C.; Holten-Andersen, N.; Anderson, T. H.; Waite, J. H.; 
Israelachvili, J. N., Adhesion mechanisms of the mussel foot proteins mfp-1 and mfp-3. Proceedings 
of the National Academy of Sciences of the United States of America 2007, 104 (10), 3782-6. 
47. Lee, H.; Scherer, N. F.; Messersmith, P. B., Single-molecule mechanics of mussel adhesion. 
Proceedings of the National Academy of Sciences of the United States of America 2006, 103 (35), 
12999-3003. 
48. Yu, M. E.; Hwang, J. Y.; Deming, T. J., Role of L-3,4-dihydroxyphenylalanine in mussel 
adhesive proteins. Journal of the American Chemical Society 1999, 121 (24), 5825-5826. 
49. Yu, M. E.; Deming, T. J., Synthetic polypeptide mimics of marine adhesives. 
Macromolecules 1998, 31 (15), 4739-4745. 
50. Lee, H.; Dellatore, S. M.; Miller, W. M.; Messersmith, P. B., Mussel-inspired surface 
chemistry for multifunctional coatings. Science 2007, 318 (5849), 426-430. 
51. Lee, B. P.; Huang, K.; Nunalee, F. N.; Shull, K. R.; Messersmith, P. B., Synthesis of 3,4-
dihydroxyphenylalanine (DOPA) containing monomers and their co-polymerization with PEG-
diacrylate to form hydrogels. Journal of Biomaterials Science, Polymer Edition 2004, 15 (4), 449-464. 
52. Zhang, C.; Li, K.; Simonsen, J., A novel wood-binding domain of a wood-plastic coupling 
agent: Development and characterization. J Appl Polym Sci 2003, 89 (4), 1078-1084. 
53. Fan, X. W.; Lin, L. J.; Dalsin, J. L.; Messersmith, P. B., Biomimetic anchor for surface-
initiated polymerization from metal substrates. Journal of the American Chemical Society 2005, 127 
- 34 - 
 
(45), 15843-15847. 
54. Liu, Y.; Li, K. C., Chemical modification of soy protein for wood adhesives. Macromol 
Rapid Comm 2002, 23 (13), 739-742. 
55. Garciagancedo, A.; Gil, C.; Roldan, C. M.; Perez, S.; Vilas, P., Anti-Viral Action of 
Benzo[De]Isoquinoline-1,3-Diones - 5-Nitro-2-(2-Dimethylaminoethyl) and "5-Nitro-2-[2-(1-
Pyrrolidine)-Ethyl] Derivatives. Chemotherapy 1979, 25 (2), 83-90. 
56. Liu, Z.; Hu, B. H.; Messersmith, P. B., Acetonide Protection of Dopamine for the Synthesis 
of Highly Pure N-docosahexaenoyldopamine. Tetrahedron letters 2010, 51 (18), 2403-2405. 
57. Brocas, A.-L.; Mantzaridis, C.; Tunc, D.; Carlotti, S., Polyether synthesis: From activated or 
metal-free anionic ring-opening polymerization of epoxides to functionalization. Progress in Polymer 
Science 2013, 38 (6), 845-873. 
58. van der Leeden, M. C., Are conformational changes, induced by osmotic pressure variations, 
the underlying mechanism of controlling the adhesive activity of mussel adhesive proteins? Langmuir : 
the ACS journal of surfaces and colloids 2005, 21 (24), 11373-11379. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- 35 - 
 
Acknowledgements 
 
대학 입학 후 건물도 없이 황량한 UNIST를 보았던 일이 엊그제 같은데 어느새 첨단기기들이 
가득한 연구실에서 이렇게 석사 졸업 논문을 쓰게 되었습니다. 먼저 아무것도 모른 채로 찾아온 
저를 따뜻하게 받아들여 여기까지 이끌어주신 김병수 교수님께 큰 감사의 말씀을 드립니다. 때로
는 인자한 미소로, 때로는 따끔한 비판으로 부족한 저를 이끌어주셔서 항상 존경하고 있습니다. 
앞으로도 많은 지도를 부탁 드립니다. 더불어 심사위원이신 권태혁 교수님과 유자형 교수님께도 
감사의 말씀 올립니다. 
또한 제가 무사히 석사 과정을 마무리할 수 있게 많은 도움을 주신 KBS group 여러분들께도 
감사 드립니다. 학부 때부터 지켜봐주신 정윤경 박사님, 멋진 연구자의 모습을 보여주시는 민사훈 
박사님, 합성 멘토가 되어주실 송수희 박사님, 항상 놀리면서도 많은 가르침을 주시는 태민 오빠, 
주말을 든든하게 해주셨던 은용 오빠, 우울할 때마다 다독여주시는 큰언니 유리 언니, 이제 방장
으로서 막중한 책임을 지게 될 응진 오빠, 까칠한 듯하지만 은근히 다정한 민수, 제가 살고 있는 
차원을 해석하지 못하고 떠난 기영 오빠, 좋은 곳으로 떠난 co-worker 수현이, 합성 사부님 준희 
오빠, 바이올린 선배이자 실험실 선배인 병호, 항상 밝게 인사해주는 민주 모두 감사합니다. 앞으
로도 잘 부탁드리겠습니다~! 
학위 과정 동안 동결 건조한 쿠크다스처럼 바스락거렸던 저를 항상 다독여주고 응원해주었던 
친구들에게도 감사하다는 말 전하고 싶습니다. 무엇보다도 밤낮으로 집 나간 딸 걱정해주시는 아
버지와 따뜻한 보금자리를 만들어 주시는 어머니, 우리 집 자랑거리인 똑 부러지는 아람이, 아기
인 줄 알았더니 어느 새 듬직해진 장남 한철이에게 큰 사랑을 보냅니다. 
 
 
 
